The tumor suppressor p53 is a transcription factor that regulates the expression of a range of target genes in response to cellular stress. Adding to the complexity of understanding its cellular function is that in addition to the full-length protein, several p53 isoforms are produced in humans, harboring diverse expression patterns and functionalities. One isoform, Δ40p53, which lacks the first transactivation domain including the binding region for the negative regulator MDM2, was shown to be a product of alternative translation initiation. Here we report the discovery of an alternative cellular mechanism for Δ40p53 formation. We show that the 20S proteasome specifically cleaves the full-length protein (FLp53) to generate the Δ40p53 isoform. Moreover, we demonstrate that a dimer of FLp53 interacts with a Δ40p53 dimer, creating a functional hetero-tetramer. Consequently, the coexpression of both isoforms attenuates the transcriptional activity of FLp53 in a dominant negative manner. Finally, we demonstrate that following oxidative stress, at the time when the 20S proteasome becomes the major degradation machinery and FLp53 is activated, the formation of Δ40p53 is enhanced, creating a negative feedback loop that balances FLp53 activation. Overall, our results suggest that Δ40p53 can be generated by a 20S proteasome-mediated post-translational mechanism so as to control p53 function. More generally, the discovery of a specific cleavage function for the 20S proteasome may represent a more general cellular regulatory mechanism to produce proteins with distinct functional properties.
The tumor suppressor p53 is a stress response protein that functions primarily as a transcription factor regulating the levels of more than 300 genes. 1 p53 activity is tightly regulated by a complex network of feedback loops that controls its cellular levels. Under basal conditions p53 levels are kept low due to continuous degradation. 2 However, upon cellular insults, including oncogene activation and DNA damage, the protein is extensively post-translationally modified, and consequently stabilized and activated. [3] [4] [5] [6] This in turn, leads to the induction of p53 response genes, which can induce growth arrest, apoptosis, DNA repair and differentiation, 7 mediating protection from tumorigenesis.
Active p53 exists as a homo-tetramer, embracing two-folded regions: a tetramerization domain and a core DNA binding domain (reviewed in Joerger and Fersht 8 ). These structural elements are flanked by natively unfolded domains at the N-and C-termini. The intrinsically disordered N-terminal region comprises the transactivation capacity with two transactivation domains; TADI (residues 1-40) and TADII (residues . TAD domains interact with numerous proteins including components of the transcription machinery, and the negative regulator MDM2. The latter functions both as an E3 ubiquitin ligase mediating p53 ubiquitination and subsequent 26S proteasomal degradation, and as an inhibitor of p53 transcriptional activation. 9, 10 The intrinsically disordered properties of the N-terminus are also responsible for the protein susceptibility toward 20S proteasome-mediated degradation, a process that is independent on p53 ubiquitination. 11 An additional mechanism that has evolved to regulate p53 function is the formation of 12 different isoforms. 12, 13 These are generated by multiple mechanisms, such as alternative splicing that modify the C-terminal region of the protein (p53β, p53γ), as well as alternative promoter usage and alternative translation initiation sites that gives rise to p53 isoforms lacking the N-terminus (Δ40p53, Δ133p53, Δ160p53). In addition, multiple combinations of both N-and C-terminal variants are produced (Δ40p53β, Δ40p53γ, Δ133p53β, Δ133p53γ, Δ160p53β, Δ160p53γ). 13, 14 The various p53 isoforms harbor diverse biological activities that can specifically adjust the function of the full-length p53 (FLp53) or independently regulate a variety of cellular processes. [15] [16] [17] [18] Thus, in addition to the widely accepted view that~50% of human cancers are due to p53 mutations, there are indications that the balance of p53 isoform levels may also have a role in carcinogenesis.
Here, we focus on Δ40p53, one of the p53 isoforms that is lacking the first 39 amino acids. 18 This p53 variant, which is detected both in cancer cells and in healthy tissues, is generated by alternative translation initiation, a process that is conserved between mice and humans. [18] [19] [20] [21] The TADI domain containing the binding site for the most critical negative regulator of p53, MDM2, is absent in this isoform. Therefore, it is not subjected to MDM2-mediated ubiquitination and 26S proteasome degradation except when it is bound to FLp53. 18 The Δ40p53 isoform has been shown to impact p53 activity, when expressed together with the wild-type (WT) p53 protein, especially in imposing a dominant negative effect. 18, [22] [23] [24] Altogether, it seems that Δ40p53 expression can affect cancer formation and, therefore, it is important to uncover the molecular mechanisms that coordinate its cellular levels and function.
In this study, we show an alternative cellular mechanism for Δ40p53 formation that is mediated by 20S proteasome cleavage. Specifically, by combining native mass spectrometry (MS), biochemical and cellular analyses, we demonstrate that the 20S proteasome does not degrade p53 to completion, but rather cleaves the protein precisely at position 40, generating a product homologous to Δ40p53. Additionally, we demonstrate that FLp53 and Δ40p53 form active heterotetramers that modulate the transcriptional activity of p53. Our data also indicate that under oxidative conditions Δ40p53 formation is enhanced, leading to attenuation of p53 transcriptional activity. Overall, our results suggest that in addition to translation initiation at position 40, Δ40p53 is generated by a post-translational event via the 20S proteasome and that this process is prominent under oxidative conditions when MDM2-mediated regulation of p53 is compromised.
Results
Purified FLp53 and Δ40p53 proteins form active homotetramers. Two alternative proteasomal degradation mechanisms, which are not mutually exclusive, have been described for p53: ubiquitin-dependent degradation by the 26S proteasome and ubiquitin-independent degradation by the 20S proteasome. [9] [10] [11] Unlike the degradation by the 26S proteasome, which is an active process that is regulated by a series of ubiquitination enzymes, the ubiquitin-independent pathway is a passive process that is a result of the inherent disorder of the N-terminal region of p53. Here, in order to assess the susceptibility of human FLp53 and Δ40p53 toward 20S proteasomal cleavage, we established an in vitro system consisting of isolated 20S proteasomes and recombinant human FLp53 and Δ40p53 proteins. First, we verified the assembly state and the functionality of each of the purified p53 proteins by native MS analysis under conditions that preserve non-covalent interactions. 25 Mass spectra of both proteins in the absence of DNA revealed the coexistence of monomeric, dimeric and tetrameric forms (Figure 1a) . The mutual existence of dimers and tetramers is in accord with p53 assembly as a dimer of dimers. 26, 27 Adding DNA to both p53 isoforms gave rise to a new dominant charge series corresponding in mass to tetrameric p53/DNA complexes ( Figure 1b) . Not only was the monomeric form of the protein not detected in these spectra, but the intensity of the dimeric form was significantly reduced, reflecting increased stability of the tetrameric p53/DNA complex. Moreover, in the presence of DNA, only DNA-bound Δ40p53 species were detected, unlike the spectrum of FLp53/DNA in which free dimeric and tetrameric forms are observed, suggesting higher affinity of Δ40p53 for DNA. Overall, the MS results confirmed that the purified FLp53 and Δ40p53 proteins are properly folded and able to form a tetrameric complex on DNA.
To verify our native MS data, DNA binding experiments of the two proteins were performed via electrophoretic mobility shift assay (EMSA) using radiolabeled p53 response element DNA. The binding affinities of both proteins are in the range of 300-600 nM, based on the appearance of p53-DNA complexes as a function of protein concentration (Figure 1c) . The shifted complex of Δ40p53/DNA appears at a lower protein concentration than that of FLp53, indicating a higher binding affinity. In agreement with Figure 1b , this observation suggests that the absence of the negatively charged N-terminus in Δ40p53 leads to an enhanced interaction with the negatively charged DNA compared to FLp53. This finding agrees with a previous study indicating that N-terminal masking by monoclonal antibodies stabilizes p53-DNA interactions. 28 Cleavage of FLp53 by the 20S proteasome generates a protein homologous to Δ40p53. To examine the susceptibility of FLp53 and Δ40p53 toward 20S proteasomal proteolysis, we performed degradation assays in the absence ( Figure 2a ) and presence (Figure 2b ) of DNA. The results indicated that both forms of p53 are degraded by the 20S proteasome ( Figures 2a-c) ; however, FLp53 is more susceptible to proteolysis, in comparison to Δ40p53. In addition, while DNA had no effect on FLp53 degradation, Δ40p53 is significantly less degraded following DNA addition. Notably, p53 degradation was not observed in the presence of purified 26S proteasomes, which is consistent with previous findings 29 ( Supplementary Figure 1) . Overall, these results support the view that the unstructured N-terminal domain of FLp53 is responsible for susceptibility toward 20S proteasomal degradation. 11 Additionally, they suggest that by binding to DNA (Figure 1 ), Δ40p53 gains structural stability, 30 which in turn reduces its susceptibility toward 20S proteasome cleavage.
Notably, in both experiments, FLp53 and Δ40p53 were not entirely degraded, but rather processed into discrete products: two cleavage products for FLp53, and a single product for Δ40p53 (Figures 2d and e) . Moreover, the apparent size of the larger FLp53-derived product was very close to that of Δ40p53. Characterization of this latter product, which suggests that the Δ40p53 isoform can be generated by 20S proteasome-mediated processing of FLp53, is the focus of this study.
To examine the Δ40p53-like cleavage product, we applied the native MS approach, in which formation of the FLp53 cleavage product was monitored in a time-dependent manner (Figure 2d ). At the first time point, five major peaks, corresponding to the 11
+ charge states of intact FLp53 were observed. After 90 min an additional single charge series centered at~3450 m/z also appeared and its relative intensity increased up to the 180 min time point. The measured mass of this emerging charge series is 39 185 ± 7 Da, relating to a distinct cleavage product between residue 40 and 41 of FLp53 (with the theoretical mass of 39 189 Da). This species corresponds precisely to the sequence of Δ40p53 lacking the first methionine residue (Figure 2e ). In summary, these results suggest that the 20S proteasome can generate Δ40p53 via specific FLp53 cleavage. Post-translational processing of FLp53 by the 20S proteasome generates the Δ40p53 isoform. To assess our hypothesis that Δ40p53 can be generated by 20S proteasome-mediated cleavage in cells, we introduced into the non-small-cell lung carcinoma cells, H1299, which are p53-deficient, WT FLp53. 31 Cell extracts were incubated with increasing amounts of purified 20S proteasome. p53 forms were then detected using an anti-p53 polyclonal antibody. As expected, a band corresponding to Δ40p53 existed even before adding 20S proteasomes (Figure 3a) . Nevertheless, its levels were clearly increased in dependence of 20S proteasome concentration (Figure 3a) , suggesting that cellular Δ40p53 can be generated by 20S proteasome cleavage. To validate that the 20S proteolytic product is Δ40p53 and not another p53 isoform with a similar molecular weight, we performed the same experiment, while detecting p53 forms with a monoclonal antibody, raised against a p53 N-terminal epitope that is absent in Δ40p53 (DO-1). As expected, only FLp53 was detected ( Supplementary  Figure 2) , supporting our hypothesis that Δ40p53 is generated by 20S proteolysis.
To verify that the generation of Δ40p53 is dependent on proteolysis, H1299 cells were introduced with FLp53, and cell extracts were incubated with purified 20S proteasome in the presence and absence of the proteasome inhibitor MG132. Indeed, Figure 3b demonstrates that the addition of MG132 reduced Δ40p53 levels. Similarly, inhibiting 20S proteasome by treating cells with MG132, reduced the formation of the Δ40p53 isoform in vivo (Figure 3c ). Taken together these findings support our view that Δ40p53 can be a product of 20S proteolysis.
Considering that alternative translation initiation at codon 40 is the accepted mechanism of Δ40p53 formation, [18] [19] [20] [21] we wished to prevent this process by inserting a single in-frame mutation into the FLp53 over-expressing plasmid to substitute the Met codon to Ile (p53 M40I ). The WT and p53 M40I constructs Figure 1 Functional FLp53 and Δ40p53 were isolated from Escherichia coli. Native MS of purified FLp53 and Δ40p53 before (a) and after (b) the addition of DNA. In both cases, the p53r2 response element was used. p53 assemblies bound to DNA are indicated in warmer colors, while free p53 forms are labeled in cooler colors. Charge states circled with a black border correspond to the Δ40p53 isoform. The bacterial homolog of Hsp70, Dnak, which is known to bind p53, 61 was co-purified with the p53 forms. Overall, the spectra indicate that the recombinant forms of FLp53 and Δ40p53 are capable of assembling into homo-dimers and -tetramers that bind DNA. (c) Autoradiograms of EMSA result of FLp53 and Δ40p53 bound to a p53 response element showing sequence-specific DNA binding activities p53 functional regulation through 20S proteasome cleavage H Solomon et al exhibited slight differences in their migratory properties, in agreement with previous single mutant analysis (Figure 3d ). 32 Nevertheless, the western blot analysis indicated the formation of a Δ40p53 form, despite the removal of the alternative translation site. Altogether, these results suggest that processing by the 20S proteasome is an alternative mechanism for generating the Δ40p53 isoform following FLp53 translation. To what extent each one of these processes contribute to Δ40p53 cellular levels remains to be determined.
Considering that p53 can be sent to degradation via both the 20S and 26S proteasomes, 29 it was necessary to clarify that the formation of Δ40p53 in cells is specifically associated with 20S and not 26S proteolysis. We therefore silenced Rpn2 (PSMD1), a non-ATPase 19S proteasome subunit, in HEK293T cells using short interfering RNA (siRNA). Rpn2 depletion was previously shown to cause a significant reduction in 26S proteasome activity accompanied by an increase in 20S proteasome function. 11, 33 Our results indicated that Rpn2 knockdown led to accumulation of ubiquitin-protein conjugates, as expected due to the reduction of 26S proteasome activity ( Figure 3e ). Δ40p53, though, was still detected in spite of Rpn2 depletion. Δ40p53 levels, however, were reduced, after the addition of MG132, either with or without silencing of Rpn2. Together these findings suggest that the 20S, rather than the 26S proteasome, facilitates Δ40p53 formation.
Δ40p53 modulates p53 gene expression. To examine whether Δ40p53 modulates the transcriptional activity of p53, we co-transfected H1299 cells with FLp53 and Δ40p53. As controls, FLp53 and Δ40p53 were transfected alone. Cells were collected and RNA was extracted. The mRNA expression levels of the well-characterized target genes p21 In contrast, addition of Δ40p53 in 1 : 1 ratio (FLp53 +Δ40p53) significantly reduced the levels of p21 and BTG2. These results are in accordance with previous reports suggesting that Δ40p53 induces a dominant negative effect over WT FLp53 function. 18, 34, 35 Considering the relatively high protein expression of Δ40p53 in comparison to that of FLp53 (Figure 4c ), we next examined whether low levels of Δ40p53 are also capable of modulating the transcriptional activity of p53. To this end, we co-transfected H1299 cells with a constant amount of the FLp53, and serial dilutions of the Δ40p53 plasmid, from a FLp53/Δ40p53 ratio of 1 : 0.25-1 : 0.001 (Figure 4c) . Then, cells were collected and mRNA was extracted. Our results indicated that although there was no change in the transfection amounts of FLp53, there was a reduction in the levels of the protein, in correlation with the lower dosage of the Δ40p53 plasmid (Figure 4c ). This suggests that Δ40p53 stabilizes FLp53, probably due to the absence of MDM2 binding, as shown previously. 36 Notably, we observed that low dilutions of Δ40p53, in which the expressed protein is not even detectable (Figure 4c ), are sufficient for reducing p21 and BTG2 expression levels (Figures 4d and e) . Thus, low cellular levels of Δ40p53 are sufficient for attenuation of p53 transcription activity. Altogether, these results suggest that the FLp53/ Δ40p53 interaction modulates p53 transcriptional activity, and thus acts as a p53 negative regulator.
Full-length p53 and Δ40p53 form hetero-tetramers within cells. Formation of FLp53 and Δ40p53 hetero-oligomeric complexes could provide a reasonable explanation for the The non-small-cell lung carcinoma cell line, H1299, which is p53 deficient, was transiently transfected with pC53-SN3 vector expressing FLp53, followed by cell lysis. Cells extracts were incubated with the indicated elevated concentrations of 20S proteasome for 120 min at 37°C and p53 forms were detected by SDS-PAGE. (b) H1299 cells were transiently transfected with pC53-SN3 vector expressing FLp53 followed by cell lysis. Cells extracts were incubated with 20S proteasome (10 μg) in the presence or absence of the proteasome inhibitor MG132 (50 μM) for 120 min at 37°C and p53 forms were detected by SDS-PAGE. (c) H1299 cells were transiently transfected with pC53-SN3 vector expressing FLp53. After 24 h, cells were treated with proteasome inhibitor MG132 (10 μM) for 6 h. Cells were lysed and cell extracts were loaded on SDS-PAGE gel. Cells expressing an empty vector (Con) were used as negative controls. (d) H1299 cells were transiently transfected with the following vectors: pC53-SN3 vector (FLp53), pC53-SN3 vector containing a single in-frame mutation, substituting methionine (ATG) in position 40 to isoleucine (ATA) (p53M40I) to eliminate translation initiation from the alternative site and an empty vector (Con). Cells were lysed and cells extracts were loaded on SDS-PAGE gel. (e) HEK293T cells were transiently transfected to silence Rpn2. As controls, non-targeting siRNA (NT) was used. After 48 h, cells were treated with proteasome inhibitor MG132 (40 μM) for 3 h. Cells were lysed and cell extracts were loaded on SDS-PAGE gels, analyzed by western blot and visualized using various antibodies. In all experiments, the polyclonal anti-p53 antibody was used to detect p53 forms. The housekeeping protein GAPDH was used as a loading control. Purified Δ40p53 was loaded on gels as a control. Blots are of a representative experiment. Quantification demonstrates the average of four (a, c-e) or five (b) independent experiments. Measurements were subjected to Student's t-test analysis, *P ⩽ 0.05, **P ⩽ 0.01. Error bars represents S.E. ND, not detected p53 functional regulation through 20S proteasome cleavage H Solomon et al Figure 4 Δ40p53 attenuates the transcriptional activity of FLp53. (a, b) H1299 cells were transiently co-transfected with 1 μg PSVL-p53 vector expressing p53 full-length (FLp53) and 1 μg SV-p53Δ40 vector expressing Δ40p53 (Δ40p53). As controls, cells were transfected with empty vector (Con), 1 μg of PSVL-p53 (FLp53) and 4 μg SV-p53Δ40 (Δ40p53) vectors alone. After 48 h, cells were lysed and RNA was extracted. The mRNA expression levels of the p53 target genes p21 (a) and BTG2 (b) were measured by quantitative real-time PCR using specific primers. (c-e) H1299 cells were transiently co-transfected with 5 μg FLp53 and Δ40p53 at serial dilutions, as indicated. As controls, cells were transfected with empty vector (Con) or 5 μg FLp53. Purified Δ40p53 was used as a positive control for the protein size. After 24 h, cells were lysed, and protein and RNA were extracted. (c) Western blots displaying FLp53 and Δ40p53 protein levels. GAPDH served as a loading control. As can be seen, the strong SV40 promoter of Δ40p53 led to high levels of protein expression in comparison to FLp53, consisting of the late SV40 promoter. Therefore, serial dilutions of Δ40p53 were co-transfected with FLp53, and the mRNA expression levels of p21 (d) and BTG2 (e) subsequently measured by quantitative real-time PCR, using specific primers. The results indicate that even low levels of Δ40p53 are sufficient to attenuate FLp53 function and reduce the expression levels of p21 and BTG2. Genes expression levels were normalized to GAPDH. Graphs represent an average of three independent experiments. Error bars represents S.E. p53 functional regulation through 20S proteasome cleavage H Solomon et al transactivation inhibition of Δ40p53 toward FLp53. We examined this possibility at first by applying the native MS approach. Spectra were acquired after mixing the two p53 proteins in the presence and absence of DNA. Mixed trimeric and tetrameric forms of the p53 proteins were detected in the absence of DNA (Figure 5a ). Following DNA addition, which stabilizes the tetrameric state of the protein (Figure 1b) , only homo-and hetero-tetramers were observed: (FLp53) 4 DNA, (Δ40p53) 4 DNA and (FLp53) 2 (Δ40p53) 2 DNA (Figure 5b ). Notably, although theoretically different compositions of tetrameric FLp53 and Δ40p53 complexes could be conceived, only a dimer of FLp53 bound to a dimer of Δ40p53 was observed in the presence of DNA, suggesting the increased propensity for homo-dimer formation.
To investigate whether FLp53/Δ40p53 hetero-complexes exist within the cellular environment co-immunoprecipitation was performed using extracts of H1299 cells transfected with either FLp53 or an empty vector as a negative control. FLp53, but not Δ40p53, was immunoprecipitated using the DO-1 antibody. The immunoprecipitated proteins were detected by western blot, using p53 polyclonal antibody. As expected, cellular introduction of FLp53 enables detection of both FLp53 and Δ40p53 (Figure 5c; Supplementary Figure 3) . Moreover, Δ40p53 was pulled-down together with FLp53, indicating that Δ40p53 binds FLp53 protein. We next validated this interaction in HEK293T, endogenously expressing FLp53 and Δ40p53 by the same experimental settings. Figure 5d shows that the endogenously expressed Δ40p53 was co-immunoprecipitated with FLp53. Altogether, the results suggest that FLp53 interacts with Δ40p53 within cells.
The generation of Δ40p53 is enhanced under oxidative conditions. Under oxidizing conditions, the 20S proteasome was identified as the major degradation machinery.
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Therefore, we expected that under such conditions an increase in Δ40p53 levels would be observed. In order to validate that the formation of Δ40p53 is specifically associated with the 20S and not the 26S proteasome, we used the A31N-ts20 BALB/c mouse cell line harboring a temperature-sensitive E1 variant. Consequently, under restrictive temperature (39°C ), the E1 enzyme is inactivated and protein ubiquitination and 26S proteasome-mediated degradation is repressed. 42 Initially we validated that Δ40p53 formation, in A31N-ts20 cells, is 20S proteasome-dependent. To this end, Rpn2 was knocked down in A31N-ts20 cells grown at the permissive temperature (32°C). As expected, due to impaired 26S proteasome activity, FLp53 was stabilized and accumulation of ubiquitin conjugates was observed (Figure 6a ). However, in spite of 26S proteasome suppression, the formation of Δ40p53 was retained. Similarly, transferring cells to a 39°C environment, which impairs the ubiquitination process, 11, 29, 42 did not eliminate the formation of Δ40p53. Conversely, treating the cells with MG132 reduced Δ40p53 levels almost to its basal state. Overall, the results support our view that Δ40p53 formation is mediated by the 20S proteasome complex.
Next, in order to investigate the impact of oxidizing conditions on Δ40p53 cellular levels, A31N-ts20 cells were treated with diethylmaleate (DEM), a glutathione-depleting compound causing accumulation of reactive oxygen species within the cell. 43 We then monitored, over time, the endogenous levels of the p53 forms by immunoblot analysis, using an antibody directed toward the C-terminal region of p53, to ensure that the generated p53 forms are due to N-terminal, rather than C-terminal, cleavage (Figure 6b ). We found that inducing oxidative stress at the restrictive temperature led to an increase in Δ40p53 levels, reaching maximum accumulation after 1.5 h (Figure 6b ). This finding is in agreement with previous findings demonstrating an increase in Δ40p53 levels following exposure to hydrogen peroxide. 44 To examine the effect of the DEM-induced Δ40p53 on p53 transactivation activity, we measured the mRNA levels of p53 target genes, p21 and MDM2, following treatment. Upon induction of oxidative stress, where Δ40p53 levels are increased (Figure 6b ), mRNA expression levels of p21 and MDM2 were reduced (Figure 6c) . Notably, the reduction in the expression of p21 and MDM2 occurs at different kinetics. This might be due to differences in DNA conformation, chromatin architecture or regulation by additional cooperating transcription factors. 3 Taken together, this result implies that under oxidative stress, Δ40p53 attenuates FLp53 transcriptional activity in a dominant negative manner.
Discussion
Here, we show that the 20S proteasome specifically cleaves FLp53 to generate the Δ40p53 isoform lacking the first 40 amino acids. Only one residue, Met40, differentiates between the Δ40p53 isoform generated through alternative translation initiation and the species produced by 20S proteasomal processing. However, as the first methionine residue tends to be removed after expression, the two Δ40p53 forms are actually similar proteins. In agreement with previous studies our results indicate that FLp53 oligomerizes with Δ40p53. 19, 20, 34, 45 Particularly, we suggest a defined stoichiometry wherein dimers of Δ40p53 interact with dimers of the full-length protein. Consequently, the transcriptional activity of p53 is modulated and the expression level of target genes is attenuated. Our data also reveal that under oxidative stress, Δ40p53 levels are increased in a 20S proteasome-dependent manner, leading to reduction in p53 transcriptional activity. Together our results suggest that an alternative posttranslational mechanism mediated by the 20S proteasome is responsible for generating the Δ40p53 isoform so as to coordinate p53 function.
It has already been established that the cellular function of p53 is tightly controlled by numerous feedback loops. One major mechanism involves the E3 ubiquitin ligase, MDM2, which mediates p53 degradation via the ubiquitin 26S proteasome system. 46 An additional layer of functional coordination involves the existence of multiple isoforms of p53 itself and its family members, p63 and p73, which modulate the different biological activities of the protein. Here, we propose an additional mechanism for controlling p53 activation that involves 20S proteasome-mediated cleavage of p53, leading to the generation of the Δ40p53 isoform, which acts in a dominant negative manner toward FLp53. We observed decreased expression of p53 target genes when Δ40p53 was co-expressed together with FLp53, even upon low levels of Δ40p53. Moreover, under oxidative stress conditions, where the 20S proteasome is the major p53 functional regulation through 20S proteasome cleavage H Solomon et al degradation machinery, the generation of Δ40p53 serves to attenuate p53 transcription and by that balances its activity. These results are in accordance with other studies demonstrating p53 transcriptional inhibition in a Δ40p53-dependent manner. 18, 34, 35 However, studies claiming geneactivating properties of Δ40p53 toward the p53 transcriptional response have been also reported. 20, 22 Hence, it is possible that Δ40p53 differently affects p53 activity under Figure 5 Hetero-tetrameric p53 is formed through the association of FLp53 and Δ40p53 dimers. FLp53 and Δ40p53 were mixed in a ratio of 1 : 1, in the absence (a) and presence (b) of DNA (p53r2 RE), followed by native MS analysis of the species generated after overnight incubation at 4°C. (c) H1299 cells were transiently transfected with pC53-SN3 vector expressing FLp53 (FLp53) or with an empty vector as a negative control (Con). After 48 h, cells were lysed and cells extracts were incubated with either monoclonal antibody against p53 N-terminus (DO-1) that is directed to an epitope that does not appear in Δ40p53 protein, in order to immunoprecipitate only FLp53, or with a non-specific IgG antibody as a negative control. Immunoprecipitates were loaded on SDS-PAGE gel, and p53 forms were detected using goat polyclonal anti-p53 horseradish peroxidase-conjugated antibody (p53HRP). To examine p53 expression, non-immunoprecipitated samples were loaded (input). Purified Δ40p53 was loaded as a positive control. This figure combines two exposures of the same gel, which are separated by a vertical line; the long exposure of the immunoprecipitated samples is shown on the left and the short exposure of the highly concentrated purified Δ40p53 protein is displayed on the right. The two original images are presented in Supplementary Figure 3. (d) HEK293T cells were lysed and cells extracts were incubated with either DO-1 antibody, to immuneprecipitate FLp53, or with a non-specific IgG antibody as a negative control. Immunoprecipitates were loaded on SDS-PAGE gel, and p53 forms were detected using p53HRP antibody. To examine p53 expression, non-immunoprecipitated samples were loaded (input). Purified Δ40p53 was loaded as a positive control. Results are a representative experiment of at least three independent experiments p53 functional regulation through 20S proteasome cleavage H Solomon et al diverse cellular conditions, as was shown in response to DNA damage or proteotoxic stress. 19, 23, 34 Therefore, we conclude that the balance between Δ40p53 and FLp53 has an impact on the expression pattern of p53-inducible genes. Whether recruitment of diverse co-activators and chromatin remodeling factors, or different affinities toward DNA (as shown in Figure 1c ) dictate Δ40p53 effect, remains elusive.
A key question that arises is why an alternative posttranslational mechanism has evolved to generate Δ40p53. This may be due to the urgent need to regulate p53 function under stress conditions and following oxidative stress. Under these conditions, degradation precedes mainly through the 20S proteasome, while degradation by the 26S proteasome is compromised. [37] [38] [39] [40] Thus, 20S proteasome-mediated cleavage of p53-generating the Δ40p53 variant-may provide an immediate leverage for p53 functional coordination. Moreover, by eliminating the key binding platform for MDM2, the most stringent negative regulator of p53 abundance-the dominant negative effect of Δ40p53 on p53 transcriptional activity, may be sustained considerably. In addition, it is likely that Δ40p53 gains additional proteolytic stability through cognate DNA binding, however how this contributes to modulating p53 response remains to be investigated. In response to low-level oxidative stress, p53 exhibits antioxidant activities promoting cell survival; high-level oxidative stress, however, leads to prooxidative p53 activities promoting cell death. 3 However, the mechanism that enables switching of p53 function from antioxidant to prooxidant remains unclear. Δ40p53 formation via the 20S proteasome may explain this paradoxical aspect of p53 activity. In this respect, it is important to note that many studies that assess p53 expression use the DO-1 antibody or alike, which are directed against p53 N-terminus. Because these antibodies do not recognize Δ40p53 it is unclear how frequent the expression of this isoform is. Thus, it remains to be examined whether other cellular stimuli also induce the 20S proteasomemediated Δ40p53 formation. It has been demonstrated that the 20S proteasome specifically cleaves the translation initiation factors eIF4G, a subunit of eIF4F, and eIF3a, a subunit of eIF3. 47 Like Δ40p53, the processed proteins possessed distinct functional capabilities, that is, the proteasome-mediated cleavage of eIF4G or eIF3a affects the assembly of the ribosomal preinitiation complex on different cellular and viral mRNAs. 47 Similarly, processing of the NF-κB1 precursor p105 into a functional p50 product by the 20S proteasome was also reported. 48 Along these lines, the 20S proteasome has been shown to specifically cleave more than 20% of all cellular proteins in mammalian lysates. 49 In these cases, unlike the ubiquitin 26S proteasome degradation system, proteolysis is not dependent on the enzymatic cascade required for ubiquitination, therefore substrates can be processed instantly (reviewed in BenNissan and Sharon 50 ). In conclusion, these studies together with our results, hint at a more general biological principle in which specific cleavage of cellular proteins by the 20S Figure 6 Δ40p53 formation is increased under oxidative stress. (a) A31N-ts20 BALB/C mouse cells were grown at the permissive temperature (32°C). In order to attenuate the 26S proteasome degradation pathway, cells were either transiently transfected with short interfering RNA (siRNA) targeting Rpn2 to silence its expression or shifted to the restrictive temperature (39°C). As controls, non-targeting siRNA (NT) or MG132 were used. Cells were lysed and cell extracts were loaded on SDS-PAGE gel, analyzed for the expression of Rpn2, p53, ubiquitin-tagged proteins and GAPDH (as controls) by western blot. Samples were run on the same gel and presented lanes are from the same exposure. (b, c) To induce oxidative stress, cells cultured at 39°C were treated with 100 μM DEM and collected at the indicated time points. (b) Cell exposed to oxidative stress were subjected to western blot analyses and p53 levels were probed using an anti-p53 antibody. Quantification of the bands indicates upregulation of Δ40p53 levels. The housekeeping protein GAPDH was used as a loading control. (c) Following the induction of oxidative stress, RNA was extracted and mRNA levels of MDM2 and p21 were measured by quantitative real-time PCR. Gene expression levels were normalized to HPRT. Quantification demonstrates the average of three (a, c) or seven (b) independent experiments. Measurements were subjected to Student's t-test analysis, *P ⩽ 0.05, **P ⩽ 0.01. Error bars represents S.E. ND, not detected p53 functional regulation through 20S proteasome cleavage H Solomon et al proteasome may not be solely for degradation purpose but rather to regulate distinct functional properties. Considering that the majority of proteasomes in mammalian cells were found to be uncapped 20S, 51, 52 and that 44% of human protein-coding genes, including numerous signaling and regulatory proteins, are predicted to contain intrinsically disordered regions, 53 making them susceptible to 20S cleavage, we anticipate that the number of proteins identified to be functionally modulated by the 20S proteasome will increase.
Materials and Methods
Purification of the 20S proteasome. Rat livers were chosen as our source for 20S proteasomes, given the high evolutionary conservation of subunit sequences that exist between human and rat (496% identity). Purification of the native rat 20S proteasome was performed as described previously. 54, 55 In brief, rat livers were homogenized in buffer containing 20 mM Tris-HCL (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol (DTT) and 250 mM sucrose. The extract was subjected to centrifugation, first at 1000 × g for 15 min. The supernatant was then diluted to 400 ml to a final concentration of 0.5 M NaCl and 1 mM DTT, and subjected to ultracentrifugation for 2.2 h at 145 000 × g. The supernatant was centrifuged again at 150 000 × g for 6 h. The pellet containing the proteasomes was re-suspended in 20 mM Tris-HCl (pH 7.5) and loaded onto 1.8 l Sepharose 4B resin. Fractions containing the 20S proteasome were identified by their ability to hydrolyse the flurogenic peptide suc-LLVY-AMC in the presence of 0.02% SDS. Proteasomecontaining fractions were then combined and loaded onto four successive anion exchange columns: Source Q15, HiTrap DEAE FF and Mono Q 5/50 GL (GE Healthcare, Chicago, IL, USA). Elution was performed with a 0-1 M NaCl gradient. Active fractions were combined, and buffer exchanged to 10 mM phosphate buffer (pH = 7.4) containing 10 mM MgCl 2 using 10 kD Vivaspin 20 ml columns (GE Healthcare). Samples were then loaded onto a CHT ceramic hydroxyapatite column (Bio-Rad Laboratories Inc., Hercules, CA, USA); a linear gradient of 10-400 mM phosphate buffer was used for elution. The purified 20S proteasomes were analyzed by SDS-PAGE, activity assays and MS analysis.
Purification of 26S proteasomes. Purification of the 26S protesome was carried out as previously described. 54 Expression and purification of recombinant FLp53 and Δ40p53. To increase yields of soluble p53 expression, a lipoyl-domain tag was cloned at the N-terminal of the WT FLp53 gene, followed by a TEV protease cleavage site, as done previously. 54 The expression construct for Δ40p53 was created in identical manner. p53 fusion proteins were then expressed in Escherichia coli BL21(DE3) cells as previously described, 54 with some modifications. Briefly, 1.5 l cultures in 2YT were grown at 37°C until log-phase, cooled to 16°C for 30 min, induced with 1 mM IPTG and cultures supplemented with 0.1 mM ZnCl 2. Expression was carried out for 16-22 h at 16°C.
Bacterial cell pellets were lysed in lysis buffer (50 mM Tris-HCl, pH 8, 300 mM NaCl, 1 × Roche EDTA-free protease inhibitor cocktail, 10 mM β-mercaptoethanol) and cleared lysate loaded onto Nickel affinity resin equilibrated with Buffer A (50 mM Tris-HCl, pH 8, 300 mM NaCl, 5 mM imidazole, 10 mM β-mercaptoethanol). Bound protein was subsequently eluted with Buffer B (50 mM Tris-HCl, pH 8, 300 mM NaCl, 300 mM imidazole) and dialyzed overnight against dialysis buffer (25 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% glycerol (v/v), 5 mM DTT) with TEV protease. Dialyzed protein was diluted 10-fold into dilution buffer (25 mM Tris-HCl, pH 7.5, 10% glycerol (v/v), 5 mM DTT) and loaded onto Q-Sepharose equilibrated with Buffer A1 (25 mM Tris-HCl, pH 7.5, 30 mM NaCl, 10% glycerol (v/v), 5 mM DTT). Elution was performed over a linear NaCl gradient to 100% Buffer B1 (25 mM Tris-HCl, pH 7.5, 1 M NaCl, 10% glycerol (v/v), 5 mM DTT). Peak fractions were concentrated to 5-7 mg/ml and loaded onto a Superdex200 10/30 size-exclusion column equilibrated with GF Buffer (50 mM sodium phosphate, pH 7, 300 mM NaCl, 5 mM DTT, 0.5 M arginine), which was also the running and storage buffer.
Degradation assays. Given the marginal thermal stability of the purified endogenous FLp53 protein, 56 which denatures readily at 37°C, degradation assays were performed using different p53/20S proteasome ratios at a single time point rather than carrying out a time-course assay. Specifically, 5 μM purified p53 protein was incubated with serial dilutions of 20S proteasomes in the presence, or absence, of the proteasome inhibitor MG132, and incubated at 37°C for 45 min. To test the effect of DNA binding on degradation, a 10-fold molar excess of p53r2 duplex B (5′-ttTGACATGCCCAGGCATGTCTa-3′) was incubated with p53 on ice for 30 min prior to addition of proteasomes. Proteolysis was quenched by the addition of Laemmli buffer and sample boiling. Samples were analyzed by SDS-PAGE followed by coomassie staining. Alternatively, 50 μg of cell extracts was incubated at 37°C for 120 min with degradation buffer (10 mM Tris (pH 7.5), 50 mM NaCl, 2 mM DTT) and serial dilutions of 20S proteasomes in the presence or absence of the proteasome inhibitor MG132. Proteolysis was quenched by the addition of sample buffer (140 mM Tris (pH 6.8), 22.4% glycerol, 6% SDS, 10% β-mercaptoethanol and 0.02% bromphenol blue) and sample boiling. Samples were analyzed by SDS-PAGE, followed by western blot analysis.
Native mass spectrometry analysis. Prior to MS measurements, aliquots of protein sample were buffer exchanged 2-3 times into 500 mM ammonium acetate using Bio-Spin 6 columns (Bio-Rad) or home-made desalting columns packed with Sephadex G-25 (GE Healthcare). For each MS experiment, about 2 μl of buffer exchanged sample (~10 μM) was loaded into gold-coated borosilicate needles prepared in-house. 54 Electrophoretic mobility shift assays. DNA binding assays were performed by closely following previously published protocols. 57, 58 In brief, a DNA duplex, incorporating a consensus 20 base-pair long p53 RE and extrahelical thymidine nucleosides at the 5′-end (5′-tGGGCATGTCCGGACATGCCC-3′), was radioactively labeled with [γ − 32 P]ATP and purified from denaturing 10% polyacrylamide gel, followed by overnight annealing to room temperature. Labeled DNA and purified WTp53 or Δ40p53 were incubated for 2 h at 20°in reaction mixtures containing o1 nM DNA and serially diluted p53 protein, ranging from 12 μM to 2 nM in a buffer made of 50 mM Tris HCl (pH 7.5), 10 mM MgCl 2 , 1 mM ATP, 25 U/ml BSA, 10% glycerol, 10 mM DTT and 100 mM KCl. Protein-DNA mixtures were separated on a 6% non-denaturing acrylamide gel and bands subsequently visualized by GE Typhoon FLA7000 phosphoimager. In estimating protein-DNA affinities via EMSA, it should be noted that true K d values are likely smaller (i.e., higher binding affinities), as the protein fraction available for sequencespecific DNA binding is lower than in the starting reaction mixtures. This phenomenon results from the tendency of the proteins to aggregate as indicated by the high-intensity bands in the gel wells.
Cell lines, transfections and treatments. The non-small-cell lung carcinoma cell line NCI-H1299 was maintained in RPMI-1640 media supplemented with 10% fetal calf serum (FCS) and Pen/Strep solution (Biological Industries, Kibbutz Beit-Haemek, Israel). Cells were cultured in a humidified incubator at 37°C and 5% CO 2 . The transfections into NCI-H1299 cells were conducted using the jetPEI reagent (Polyplus transfection, New York, NY, USA) according to the manufacturer's instructions. The transformed human embryonic kidney cells, HEK293T cell line was maintained in DMEM media supplemented with 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate and Pen/Strep solution (Biological Industries, Kibbutz Beit-Haemek, Israel). Oxidative stress was induced in A31N-ts20 BALB/C mouse cells cultured at 32°C. To induce oxidative stress, cells were moved for 24 h to 39°C and then treated with 100 μM DEM. Subsequently, cells were collected at different time points and analyzed by immunoblotting, as indicated. Given that in mouse, an alternative spliced p53 with an altered C-terminus exists, 59 Pab421, a mouse antibody against the C-terminal region of p53, was used to prevent a possible overlap of bands. The increase in protein levels was quantified by dividing the band intensities of Δ40p53 by the sum of intensities of the FLp53 and Δ40p53 bands. Considering that in this experiment A31N-ts20 cells were already exposed to two different types of stressors (inhibition of 26S proteasome degradation and oxidative stress), a control experiment in the presence of the proteasome inhibitor MG132 could not be carried out, as the cells died. Values are averaged over seven independent experiments; errors represent S.Es.
For silencing experiments, the following siRNAs were used: Dharmacon ON-TARGET plus Human PSMD1(5707) siRNA (L-011363-01-0005), Dharmacon Compounds and plasmids. The WT p53 expression plasmid, pC53-SN3, containing the p53 5′-UTR coding region, as well as the proximal non-regulatory portion of the 3′-UTR sequence was kindly provided by B Vogelstein (Johns Hopkins University School of Medicine, Baltimore, MD, USA). This vector was used as a template for site-directed mutagenesis to produce the plasmid carrying p53 with the mutation M40I (p53 M40I ). The p53 M40I carrying plasmid was constructed by site-directed mutagenesis using the QuickChange kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions using specific primers to create the specific mutation altering ATG codon (Methionine) at position 40 into ATA codon (Isoleucine). The following primers were used:
Forward: 5′-CCCTTGCCGTCCCAAGCAATAGATGATTTGATGCTGTCCC-3′ Reverse: 5′-GGGACAGCATCAAATCATCTATTGCTTGGGACGGCAAGGG-3′ The Δ40p53 expressing vector SV-p53Δ40 was kindly provided by Prof. JeanChristophe Bourdon (University of Dundee, Ninewells Hospital, Centre for Oncology and Molecular Medicine, CR-UK Cell Transformation Research Group, Dundee, UK.) PSVL-p53 vector expressing WTp53 full length (FLp53) was constructed by cloning the human WTp53 cDNA sequence into PSVL expression vector as described previously. 60 
